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Abstract
Alterations to the expression and activity of androgen receptor (AR) co-regulators in prostate 
cancer is an important mechanism driving disease progression and therapy resistance. Using a 
novel proteomic technique, we identified a new AR co-regulator, the transcription factor 
Grainyhead-like 2 (GRHL2), and demonstrated its essential role in the oncogenic AR signaling 
axis. GRHL2 colocalized with AR in prostate tumors and was frequently amplified and 
upregulated in prostate cancer. Importantly, GRHL2 maintained AR expression in multiple 
prostate cancer model systems, was required for cell proliferation, enhanced AR's transcriptional 
activity, and co-located with AR at specific sites on chromatin to regulate genes relevant to disease 
progression. GRHL2 is itself an AR-regulated gene, creating a positive feedback loop between the 
two factors. The link between GRHL2 and AR also applied to constitutively active truncated AR 
variants (ARVs), as GRHL2 interacted with and regulated ARVs and vice versa. These oncogenic 
functions of GRHL2 were counterbalanced by its ability to suppress epithelial-mesenchymal 
transition and cell invasion. Mechanistic evidence suggested that AR assisted GRHL2 in 
maintaining the epithelial phenotype. In summary, this study has identified a new AR co-regulator 
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with a multifaceted role in prostate cancer, functioning as an enhancer of the oncogenic AR 
signaling pathway but also a suppressor of metastasis-related phenotypes.
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Prostate cancer; androgen receptor; transcription factor; Grainyhead-like; castration-resistant 
prostate cancer
Introduction
Prostate cancer (PCa) is the most frequent male non-skin cancer and a major cause of 
cancer-associated death. PCa growth and survival is driven by androgen receptor (AR) 
activation in response to ligand (androgen) binding. Accordingly, androgen deprivation 
therapy (ADT) is the first line treatment for locally-advanced and metastatic disease. 
However, resistance to ADT and disease progression, termed castrate resistant prostate 
cancer (CRPC), inevitably occurs within 18-24 months. The recent success of second-
generation ADT agents (i.e. the AR antagonist enzalutamide and the androgen synthesis 
inhibitor abiraterone acetate) in achieving a survival benefit in men with CRPC highlights an 
ongoing dependence on AR signaling in this disease setting (1). Unfortunately, even these 
new, more potent, drugs are only palliative, with a mean average survival benefit measured 
in months, and the resultant disease generally remains AR-driven (1).
Mechanisms underlying continued AR activity in CRPC include deregulation of androgen 
biosynthesis and direct changes to the AR, including gene amplification, gain-of-function 
mutations and the emergence of constitutively active truncated AR variants (ARVs) that lack 
a functional LBD (2). Another adaptive response that can mediate AR signaling in the 
castrate environment is altered expression and activity of AR co-regulator proteins. Over 130 
AR co-regulators have been identified, comprising a highly complex system for shaping AR 
function in the normal and malignant prostate (3). In general, CRPC is characterized by gain 
of co-activators and loss of co-repressors, which collectively enhances AR signalling in the 
castrate environment.
Here, we utilized an unbiased proteomics technique, termed rapid immunoprecipitation mass 
spectrometry of endogenous proteins (RIME) (4), to elucidate the chromatin-associated AR 
interactome. We identified a novel AR-associated factor, Grainyhead-like 2 (GRHL2), and 
demonstrated that it plays a major role in maintaining AR expression and signaling in PCa 
while simultaneously suppressing metastasis-associated phenotypes.
Materials and Methods
Cell line culture and transfection
R1-AD1 and R1-D567 have been described previously (5). C4-2B, LNCaP, VCaP, 22Rv1, 
PC3 and DU145 human prostate carcinoma cells were obtained from ATCC. Cells were 
cultured as described previously (6). The number of passages between thawing cell lines and 
their use in the described experiments were as follows: R1-AD1, R1-D567 and 22Rv1 
(passages 2-30); C4-2B and PC3 (2-15); LNCaP (2-20); VCaP (2-8); DU145 (2-10). All cell 
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lines underwent: i) verification by short-tandem repeat profiling in July or August 2016 by 
CellBank Australia; and ii) regular (approximately every 4 months) testing using a custom 
PCR-based assay to ensure lack of contamination with the most common Mycoplasma and 
Acholeplasma strains.
Cells were transfected with 20 nM siRNA using RNAiMAX transfection reagent (Life 
Technologies), according to the manufacturer's instructions. The following siRNAs were 
used in this study: GRHL2 (sc77606a, sc77606b and sc77606c (Santa Cruz 
Biotechnology)); AR (AR Silencer 51539, #4390826 (Ambion)). For transfecting cells with 
the GRHL2 over-expression plasmid (pCMV-NEO-GRHL2, #SC305189 
(Origene Technologies)), we used Lipofectamine 2000 (Life Technologies).
Stable LNCaP-shGRHL2 cell lines were generated using GRHL2-specific shRNA plasmids 
(TRCN0000015808 and TRCN0000015810) and an shRNA control plasmid (Shc002) from 
Sigma as described previously (7).
Rapid Immunoprecipitation Mass spectrometry of Endogenous proteins (RIME)
RIME was carried out essentially as described (4). 3 × 107 R1-AD1 cells or 6 × 107 R1-
D567 cells were subjected to immunoprecipitation with 10 μg of AR antibody (Santa Cruz 
AR N20; sc-816). Only co-precipitating proteins that occurred in 3/3 independent biological 
replicates were considered, and further filtering was achieved by excluding proteins that 
appeared in >1 of the 3 matching IgG controls.
Co-immunoprecipitation
R1-AD1 and R1-D567 cells were seeded at 2.5 ×106 cells/plate and LNCaP cells were 
seeded at 3.0 × 106 cells/plate in RMPI 1640 +10% CSS. After 72 hours, media was 
replaced with fresh RPMI 1640 + 10% CSS containing 10 nM DHT. After an additional 4 
hours, nuclear pellets were made according to the RIME protocol. Nuclear pellets were 
sonicated for 10 cycles (30sec on, 30 sec off) using a Diagenode Bioruptor. After 
centrifugation, lysates were immunoprecipitated overnight with 5 μg AR antibody (Santa 
Cruz #sc-816×) or 5 μg of GRHL2 antibody (Sigma HPA004820) pre-coupled to Protein G 
Dynabeads (Life Technologies, 10004D). The following day, the beads were washed 3 times 
with PBS and then boiled in SDS-PAGE sample buffer, prior to analysis by Western blotting.
Analysis of GRHL2 expression in published datasets
Transcriptomic data was downloaded from GEO (GSE35988 and GSE21032), The Cancer 
Genome Atlas (TCGA) data portal and cBioPortal (8). GRHL2 copy number data was 
obtained via cBioPortal (8).
Western blotting and antibodies
Protein extraction from cells, using RIPA buffer, and Western blotting was done as described 
previously (9). Antibodies used in Western blotting were: AKT 1/2 (Santa Cruz N-19; 
sc-1619); pAKT (Cell Signalling Thr308, #9275S); AR (Santa Cruz N20; sc-816); E-
Cadherin (BD Biosciences, clone 36/E); ERK1 (Santa Cruz K23; sc-94); pERK (Cell 
Signalling Thr202/Tyr204, #9101); GRHL2 (Sigma; HPA004820); GAPDH 
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(EMD Millipore; MAB374); N-cadherin (Santa Cruz H-63; sc-7939); Tubulin (EMD 
Millipore; 05-829); Vimentin (Abcam EPR3776); ZEB1 (Santa Cruz H102; Sc-25388); and 
ZO-1 (Cell Signalling, D7D12).
Quantitative real-time PCR (RT-qPCR)
RNA extraction from cells, using Trizol reagent, and RT-qPCR was done as described 
previously (9). GAPDH was used for normalization of RT-qPCR data. Fold changes in 
mRNA expression levels were calculated using the comparative Ct method as described. 
Primer sequences are available on request.
Immunofluorescence
4μm sections of paraffin-embedded human transurethral resection of the prostate (TURP) 
tumor samples were cut and adhered to Superfrost Ultra Plus coated slides (Menzel-Glaser) 
overnight at 45°C, then de-waxed and immunolabelled as previously described (10). Primary 
antibodies (1:400 rabbit anti-GRHL2 (Sigma HPA004820) or 1:60 mouse anti-AR (Dako 
M3562)) were incubated overnight at 4°C and secondary antibodies (goat anti-mouse 
AlexaFluor 488 (Thermo A-11029) or goat anti-rabbit Alexa 594 (Thermo A-11037)) 
incubated for 30 minutes at room temperature. Images were acquired on a Zeiss 700 
confocal microscope. Two-dimension expression intensity histograms and Spearman's 
correlation coefficients were generated using ImageJ software and the Coloc2 plugin.
Immunohistochemistry
Immunohistochemistry for GRHL2 was carried out as described (11) using anti-GRHL2 
antibody (Sigma HPA004820) at a 1:8000 dilution. Slide digitization, annotation, and 
immunohistochemical quantification was done as described (12).
Transactivation assays
Transactivation assays with the probasin luciferase reporter construct were carried out 
essentially as described previously (13), with the exception that cells were co-transfected 
with 1 ng of pCMV-NEO-GRHL2 plasmid, 1 ng of pcDNA-AR, 1 ng of pRL-CMV and 100 
ng of the probasin reporter construct.
Chromatin immunoprecipitation (ChIP) and ChIP-seq
LNCaP cells were seeded at 3×106 cells/plate in 15c m plates in RPMI 1640 + 10% FBS and 
allowed to grow for 3 days prior to fixation. ChIP was then performed as described 
previously (14). For ChIP-qPCR, 2 μl of DNA was used in 10 μl PCR reactions. For ChIP-
seq, 5 ng of DNA (ChIP-enriched or input) was used for library creation with a 
Illumina TruSeq ChIP Library Prep Kit (Illumina) and sequenced (75 bp single-end reads) at 
the South Australian Health and Medical Research Institute Genomics Facility using an 
Illumina NextSeq 500. Mapping of sequencing data and peak calling (using input DNA as a 
control) were performed as described previously (6). Consensus peaks were determined by 
including only regions identified by in two biological replicates. ChIP-seq data are available 
through NCBI's Gene Expression Omnibus (GSE80256).
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To identify AR/GRHL2 shared binding regions, ChIPpeakAnno (15) (implemented in R 
2.12.0) was used with a maxgap value of 1000. Cistrome (16) was used to generate 
heatmaps. HOMER (17) was used to generate histograms of tag density around peaks. 
Regions of AR/GRHL2 binding were annotated with respect to neighbouring genes (≤50 kb 
from the transcription start site) using CisGenome (18). Identification of enriched sequence 
motifs (known and de novo) were identified as described previously (19). Visualization of 
ChIP-seq data was performed using Integrated Genomics Viewer (IGV 2.3, Broad Institute, 
(20)).
Our AR/GRHL2 ChIPSeq data was also compared to other published datasets: H3K4me2, 
H3K4me3, H3K27ac, P300, MED12, FoxA1 from Wang and colleagues (21); H3K9me3 
and H3K27me3 from Yu and colleagues (22); and RNAPII from He and colleagues (23). 
Read data from these studies were downloaded and mapped around AR and GRHL2 peaks 
sets using HOMER.
RNA sequencing (RNA-seq)
RNA from LNCaP cells was prepared using Trizol 2 days after transfection with siGRHL2. 
Libraries were generated using 10 ng of RNA and NEXTflex Rapid Illumina Directional 
RNA-Seq Library Prep Kits (Bioo Scientific), according to the manufacturer's instructions. 
Sequencing was carried out at the South Australian Health and Medical Research Institute 
Genomics Facility using an Illumina NextSeq 500 (75 bp single-end reads). Reads were 
mapped using TopHat v2.0.9 (24) in Galaxy (25,26), using default parameters and hg19 as 
the reference genome. Raw counts per exon (mapped to hg19_genes_2012-03-09.gtf) were 
estimated using htseq-count (27). Subsequently, DESeq2 (28) (implemented in Bioconductor 
v2.12, R v3.0.1) was used to identify differentially expressed genes. RNA-seq data are 
available through NCBI's Gene Expression Omnibus (GSE80452).
For gene set enrichment analysis (GSEA) (29), read counts were normalized using the 
DESeq2 rlog transformation algorithm, genes were ranked using a signal to noise metric, 
and the GSEAPreranked tool was run on the GenePattern server (http://www.broad.mit.edu/
tools/software.html). A signature of GRHL2 activity was made by considering the top 100 
differentially expressed genes in response to siGRHL2 knockdown (comprising 21 
upregulated genes and 79 downregulated genes): GRHL2 activity scores for individual 
tumors from two large clinical cohorts were determined as described previously (23).
Chick chorioallantoic membrane (CAM) assays
CAM assays were approved by the University of Adelaide Animal Ethics Committee 
(approval number M-2014_079) and done using the in ovo method as described previously 
(7).
Statistical analyses
All statistical analyses were carried out using GraphPad Prism (version 5; GraphPad 
Software). Details of statistical tests used are provided in the figure legends.
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Results
GRHL2 is a novel AR-interacting protein
To identify novel proteins that interact with AR and ARVs, we conducted RIME in R1-AD1 
and R1-D567 cells. R1-D567 has been engineered such that AR exons 5-7 are deleted from 
the genome, leading to exclusive expression of the constitutively active ARv567es variant, 
whereas the R1-AD1 cell line expresses full-length AR only (5). RIME identified 54 and 75 
proteins associated with AR and ARv567es, respectively (Supplementary Table 1). Analysis 
of the interactomes at the individual protein (Supplementary Table 1) and pathway (Figure 
1A) level revealed high concordance between ligand-activated AR and ARv567es. AR itself 
was isolated with high confidence, and many known AR co-regulators, including FoxA1, 
P300, AP-1 and members of the SWI/SNF chromatin remodelling complex, were also 
identified in the interactomes, highlighting the robustness of the data.
Of the novel co-precipitating factors, the transcription factor GRHL2 was one of the most 
confident hits from both cell line models (Figure 1B). AR only bound GRHL2 robustly in 
androgen-replete conditions whereas, as expected, the constitutively active ARv567es 
variant interacted with GRHL2 in an androgen-independent manner (Figure 1B). The 
interaction was confirmed by co-immunoprecipitation of GRHL2 using an AR antibody in 
R1-AD1, R1-D567 and LNCaP cells (Figure 1C). A robust association between AR and 
GRHL2 in LNCaP cells was also evident by “reverse” co-immunoprecipitation (i.e. co-
immunoprecipitation of AR with a GRHL2 antibody) (Figure 1D).
GRHL2 is commonly amplified and over-expressed in prostate cancer
To assess the clinical relevance of GRHL2 in PCa, we examined a series of published 
cohorts for GRHL2 alterations (30-32). GRHL2 resides at 8q.22.3, a genomic locus that is 
frequently amplified in PCa: indeed, GRHL2 gene copy number was gained/amplified in 
54-71% of metastatic samples and 14-32% of primary tumors (Figure 2A), and this 
alteration was associated with a trend towards increased GRHL2 mRNA expression in 
CRPC (Figure 2B). Moreover, GRHL2 mRNA was elevated in malignant compared to non-
malignant prostate tissues (Figure 2C) and was higher in Gleason score 8-10 versus Gleason 
6 tumors (Figure 2D).
Extending upon the in silico analyses, we used immunohistochemistry to evaluate GRHL2 
protein expression in 101 matched non-malignant prostate tissues and tumors. GRHL2 was 
detectable in all samples: staining was primarily nuclear and present in luminal epithelial 
cells, with minimal signal in the stroma. Representative images from strongly positive 
samples are shown in Figure 2E (left). Although staining was strong in benign prostate 
samples (median staining index = 3.66), levels of GRHL2 were significantly higher in 
tumors (4.26) (Figure 2E, right). However, GRHL2 expression was not associated with other 
clinicopathological parameters such as Gleason grade/score or serum prostate specific 
antigen levels (data not shown).
To determine the potential for functional interaction between AR and GRHL2 in clinical 
specimens, we examined their tissue localization using dual immunofluorescence in human 
prostate tumors obtained from transurethral resections. Two representative sections are 
Paltoglou et al. Page 6
Cancer Res. Author manuscript; available in PMC 2018 January 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
shown in Figure 2F. AR and GRHL2 were primarily expressed in luminal epithelial cells. 
While most cells exhibited positivity for both factors, cells with high GRHL2 staining and 
low/no AR staining were evident. Using software to assess co-localization (see Materials 
and Methods), a high positive correlation between the expression of AR and GRHL2 was 
observed at the cellular level (Figure 2F and Supplementary Figure 1).
GRHL2 is an AR target gene
To identify appropriate model systems to characterize GRHL2 function, its expression was 
assessed in a panel of PCa cell lines. GRHL2 was most highly expressed in VCaP cells and 
not detectable in AR-negative PC3 or DU145 cells (Figure 3A, left). This expression pattern 
closely mirrored that of AR (Figure 3A, right), leading us to postulate that GRHL2 is an 
androgen-regulated factor. Supporting this idea, GRHL2 mRNA levels were significantly 
induced by DHT treatment in multiple cell lines (Figure 3B). This regulation was dependent 
on the AR, since siRNA-mediated AR knockdown cells led to a dramatic loss of GRHL2 
protein in both the presence and absence of androgen (Figure 3C, left). Using the R1-D567 
cell line model, we demonstrated that GRHL2 is also regulated by the constitutively-active 
ARV, ARv567es. In support of the in vitro data, GRHL2 expression decreased following 
ADT and was re-gained in CRPC in clinical specimens (Figure 3D) (33,34).
To evaluate whether AR-mediated regulation of GRHL2 was direct, we examined ChIP-seq 
data for potential AR binding sites proximal to the GRHL2 gene. In multiple AR cistromes 
derived from distinct cell line models of PCa, we found evidence for AR (and ARV) binding 
near at two sites proximal to the GRHL2 promoter (Supplementary Table 2). Both of these 
binding sites were also evident in a more recent study (35) examining the AR cistrome in 
clinical specimens (sites B and C in Figure 3E); moreover, in this in vivo dataset, it was 
apparent that AR binding proximal to the GRHL2 locus was notably increased in malignant 
compared to normal tissues (Figure 3E). We validated AR binding at these sites by ChIP-
qPCR in LNCaP cells (Figure 3F). The tissue ChIP-seq data also suggested a weak AR 
binding event at the GRHL2 promoter (Figure 3E, site A), but this was not evident by ChIP-
qPCR (Figure 3F). Collectively, these data indicate that AR binds to multiple sites proximal 
to the GRHL2 transcriptional start site, supporting a direct mode of transcriptional 
regulation.
GRHL2 promotes prostate cancer growth and is critical for AR expression
The functional role of GRHL2 in PCa was assessed using siRNA-mediated knockdown. 
Three distinct GRHL2-targeted siRNAs, all of which were highly effective at silencing 
GRHL2 (Supplementary Figure 2), caused inhibition of proliferation in multiple PCa cell 
lines (Figure 4A). Verifying the specificity of knockdown, none of the siRNAs inhibited the 
growth of GRHL2-negative PC-3 cells (Supplementary Figure 3).
We subsequently tested the effect of a pool of the siRNAs (termed siGRHL2) on AR 
signaling. Knockdown of GRHL2 caused marked suppression of AR and AR target gene 
expression (Figure 4B) and decreased the levels of AR and ARV protein (Figure 4C). 
Conversely, GRHL2 over-expression resulted in accumulation of AR protein (Figure 4D). 
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This latter finding is likely to be clinically relevant, since tumors with gain or amplification 
of GRHL2 exhibited higher AR expression than diploid tumors (Figure 4E).
We next assessed whether the physical association between GRHL2 and AR/ARV was a 
mechanism underlying GRHL2-mediated maintenance of AR/ARV expression. Following 
treatment with the protein biosynthesis inhibitor, cycloheximide, AR and ARV protein half-
life was equivalent in siGRHL2 and control cells (Supplementary Figure 4). These data 
suggest that maintenance of AR/ARV protein levels by GRHL2 is not primarily mediated by 
post-translational mechanisms. By inference, we propose that the primary mechanism by 
which GRHL2 maintains AR/ARV protein levels is via induction of the AR gene.
Interplay between the transcriptional activities of AR and GRHL2
Given that RIME was designed to identify chromatin-associated protein:protein interactions, 
we speculated that GRHL2 could influence the transcriptional activity of AR. To test this 
hypothesis, we first evaluated the influence of GRHL2 on a well-characterized probasin 
reporter construct (13). For these experiments, we transiently expressed GRHL2 and AR in 
PC3 cells, which are negative for both factors: the rationale for this approach was that 
modulation of endogenous GRHL2 in AR-positive model systems resulted in down-
regulation of AR expression, which complicates assessment of transcriptional outcomes. 
GRHL2 modestly but reproducibly enhanced AR's transcriptional activity (Figure 5A), 
indicating that it can act as a co-activator.
We subsequently used ChIP-seq to elucidate genome-wide AR and GRHL2 chromatin 
binding patterns in LNCaP cells with the aim of identifying potential sites of coordinate 
transcriptional regulation. The reads obtained across two ChIP-seq replicates for each 
protein were highly concordant, highlighting the robustness of the assay (Supplementary 
Figure 5). Only peaks identified in both replicates were considered, yielding 5,378 GRHL2 
and 1,202 AR high stringency binding sites. Comparison of the two cistromes revealed that 
140 (11.6%) of AR binding sites were shared with GRHL2, highlighting potential for 
cooperative transcriptional regulation. Although not as extensive as the overlap between AR 
and the pioneer factors FoxA1 and GATA2 (21,23,36), the AR/GRHL2 overlap was highly 
significant compared to what would be expected by chance (Fisher's Exact Test p value = 
3.40 E-24). An example of a peak from each of the “AR-specific”, “GRHL2-specific” and 
“shared” cistromes is shown in Figure 4A. Quantitative analysis of tag density demonstrated 
the accuracy of these peak subsets (Supplementary Figure 6).
Motif enrichment analysis of the cistromic data revealed strong enrichment for androgen 
response elements (AREs) and GRHL2 and FoxA1 motifs in the specific and shared peak 
subsets (Supplementary Table 3). Indeed, de novo motif generation identified a direct repeat 
of the FoxA1 motif as one of the most enriched sequences in the GRHL2-specific peak set 
(Figure 5C). Supporting this finding, the GRHL2 cistrome overlapped substantially 
(25-41%) with published LNCaP FoxA1 cistromes (Supplementary Figure 7), an interaction 
that was experimentally validated in a recent study (37).
The AR and GRHL2 cistromes were assessed with respect to genomic features. The bulk of 
binding events in all three peak sets (AR-specific, GRHL2-specific and shared) were located 
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within introns and intergenic regions (Figure 5D), although GRHL2-specific peaks also 
exhibited enrichment in gene promoters (2.78-fold over genomic average). Importantly, the 
shared GRHL2/AR binding events were highly enriched for epigenetic marks (K27-specific 
acetylation of histone 3 (H3K27ac) and K4-specific methylation of histone 3 (H3K4me2)), 
general transcription machinery (RNAPII, Mediator) and transcription factors (FoxA1 and 
P300) that collectively demarcate enhancer sites and/or active transcription (Figure 5E), 
indicating that co-location of these factors on chromatin promotes high transcriptional 
activity. Marks of transcription inhibition (H3K9me3 and H3K27me3) showed no 
enrichment at shared or factor-specific binding sites (Supplementary Figure 8).
To further evaluate the relevance of shared AR/GRHL2 binding events in relation to 
transcriptional outputs, we identified genes with transcriptional start sites proximal to these 
sites to yield an “AR/GRHL2 cistrome-based signature” comprised of 194 genes. 
Importantly, this signature was elevated in clinical CRPC specimens and associated with a 
poor outcome following surgery, indicating that these genes are linked to PCa progression 
(Figure 5F). Moreover, by using gene set enrichment analysis (GSEA) and a published AR-
responsive gene signature (23), we demonstrated that genes upregulated by AR were 
enriched near the shared AR/GRHL2 binding events (Supplementary Figure 9), suggesting 
that co-localization of these factors on chromatin influences the androgenic transcriptional 
program. Collectively, these data indicate that GRHL2 and AR co-occupy a set of genomic 
loci associated with genes that are relevant in PCa.
Elucidation of the GRHL2-regulated transcriptome in prostate cancer
To further explore the function of GRHL2 in PCa, we used RNA-seq to measure 
transcriptional alterations in response to siGRHL2 in LNCaP cells. This analysis identified a 
GRHL2-regulated transcriptome comprised of 3,510 genes (Supplementary Table 4). GSEA 
was used to identify associations between the GRHL2 transcriptome and the “Hallmarks”, 
“Reactome” and “Kegg” gene set collections of the Molecular Signature Database (29) 
(Supplementary Table 5). Not unexpectedly, the hallmark most strongly enriched in genes 
down-regulated by siGRHL2 was “androgen response” (Figure 6A and Supplementary Table 
5), further validating the critical requirement of GRHL2 for the AR signaling axis. Indeed, a 
signature of GRHL2 activity derived from the RNA-seq transcriptome was highly correlated 
with AR activity in both primary cancer and metastatic CRPC (Figure 6B).
The finding that the majority of GRHL2 DNA binding events were independent of AR 
suggested that this transcription factor would have functions in PCa beyond its critical role 
in the androgen signaling axis. To identify such functions, we considered other gene 
signatures enriched in the GRHL2-regulated transcriptome. Several consistent findings in 
response to loss of GRHL2 were observed (Supplementary Table 5), including: i) down-
regulation of key pro-growth pathways, such as those regulated by ERBB2 (Figure 6C), 
PI3K/Akt (Figure 6D) and Hippo; ii) down-regulation of numerous biosynthetic pathways, 
most notably lipids, cholesterol and steroids; iii) up-regulation of ribosomal genes; and iv) 
down-regulation of epithelial signatures and up-regulation of epithelial-mesenchymal 
transition (EMT) signatures (Supplementary Figure 10). We validated a subset of these 
biological associations. First, we demonstrated that loss of GRHL2 caused down-regulation 
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of ERBB2 and other ERBB family members ERBB3 and EGFR (Figure 6E), likely due to 
the capacity of GRHL2 to directly regulate these genes (Figure 6F and (38)). Second, we 
observed a significant decrease in active components of the PI3K/Akt pathway (i.e. 
phosphorylated Akt and ERK) following GRHL2 knockdown (Figure 6G). Finally, we 
validated the potent anti-EMT and anti-invasive activity of GRHL2 both in vitro and in vivo 
(below).
Loss of GRHL2 promotes EMT and invasion
EMT has been demonstrated to play a key role in certain phases of metastasis, including 
escape from the primary tumor, migration and invasion into the stroma, entry/exit from the 
bloodstream and suppression of senescence, apoptosis and anoikis (39). With this in mind, 
we hypothesized that the negative association between GRHL2 and EMT revealed by our 
RNA-seq data (Supplementary Figure 10) could have important biological ramifications.
To address this hypothesis, we generated LNCaP cells with stable knockdown of GRHL2 
using two distinct lentiviral shRNA constructs. Recapitulating the short-term siRNA 
experiments, GRHL2 silencing resulted in a reduced growth rate and a dramatic decrease in 
AR expression (Figures 7A,B). To examine how loss of GRHL2 influences the epithelial 
phenotype, the expression of epithelial and mesenchymal markers was measured by Western 
blotting in the LNCaP-shGRHL2 cells. As expected, knockdown of GRHL2 caused loss of 
epithelial and gain of mesenchymal factors, indicative of EMT (Figure 7B).
Recent studies have elucidated transcriptional targets via which GRHL2 suppresses EMT in 
breast and ovarian cancer (38,40). For example, GRHL2 binds to promoter and/or enhancer 
elements to directly activate CDH1 (E-cadherin), TJP1 (ZO-1), CLDN4, ELF3, EPCAM and 
RAB25, thereby promoting an epithelial phenotype. Analysis of our ChIP-seq data revealed 
that GRHL2 also associates with these cis-regulatory elements in LNCaP cells 
(Supplementary Figure 11), suggesting that the transcriptional targets via which GRHL2 
fosters epithelial identity are concordant among distinct cancer types.
To investigate the phenotypic consequences of GRHL2-regulated EMT, we evaluated 
motility and invasion of the LNCaP-shGRHL2 cells using three distinct assays. We first used 
a scratch wound assay, and found that stable knockdown of GRHL2 significantly enhanced 
cell migration (Figure 7C). Subsequently, an in vitro transwell assay was employed to 
measure cell invasion through Matrigel, which mimics basement membrane. As expected, 
LNCaP-shGRHL2 cells were markedly more invasive than control cells (Figure 7D). Finally, 
the invasive capacity of the modified cell lines were evaluated in a more physiologically 
relevant setting using a chick chorioallantoic membrane (CAM) assay (41), which allows 
visualization of cell invasion through an ectoderm into mesoderm. Cancer cell/Matrigel 
grafts were implanted onto the CAM and, after 3 days, invasion was assessed by pan-
cytokeratin immunohistochemistry. Control LNCaP cells invaded through the ectoderm of 
the CAM very poorly (Figure 7E,F). By contrast, knockdown of GRHL2 greatly enhanced 
the capacity of LNCaP cells to disrupt the ectodermal layer and invade into the mesoderm 
(Figure 7E,F).
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To evaluate the generalizability of these findings, we conducted experiments in another 
model system, 22Rv1. In these experiments, cells were transfected with siGRHL2 to 
determine whether acute loss of GRHL2 was sufficient to promote EMT. As expected, 
transient knockdown of GRHL2 resulted in EMT within 2 days (Supplementary Figure 12). 
This experiment suggests that maintenance of epithelial status by GRHL2 is a general 
phenomenon in PCa, and that loss of GRHL2 could rapidly enhance mesenchymal, pro-
invasive characteristics of tumor cells.
Discussion
Using a powerful and unbiased proteomic technique, we have identified GRHL2 as a new 
binding partner of AR, the key driver of PCa. Our data indicate that GRHL2 has a 
dichotomous oncogenic/protective role in this disease: it can act as an oncogene by 
enhancing AR signaling and promoting cancer cell proliferation; alternatively, it can 
potently suppress cancer cell EMT and invasion, phenotypes that are associated with disease 
progression and metastasis.
GRHL2 is a member of the Grainyhead-like family of transcription factors, which are 
expressed primarily in epithelia in a tissue- and developmental-specific manner and are 
critical for organogenesis, epidermal development and wound healing (42). More recently, a 
role for GRHL2 in various solid cancers has been proposed, although its precise functions 
are largely unknown. Increased GRHL2 expression is associated with poor outcomes in 
liver, kidney, gastric and colorectal cancers, and experimental studies have revealed that it 
can promote growth of certain cancer models in vitro and in vivo (42). By contrast, the 
action of GRHL2 in breast cancer is somewhat controversial, with studies purporting to 
demonstrate both oncogenic and tumor suppressive activities (43,44). A putative explanation 
for this apparent discrepancy was provided by Werner and colleagues, who presented 
evidence for dual functionality of GRHL2 in breast cancer: namely, it can both promote 
tumor growth but suppress EMT (38). Herein, we have shown that GRHL2 plays an 
analogous dual role in PCa growth and progression. The spatiotemporality of GRHL2 
expression and activity in prostate (and breast) tumors is likely to be critical in dictating 
which of these roles dominate. More specifically, in early, localized tumors GRHL2 would 
act to promote cancer growth; however, as disease progressed, GRHL2 could act to suppress 
EMT and thereby curb stromal invasion, intravasation and survival of circulating tumor 
cells, with the collective outcome being inhibition of metastasis; finally, in micrometastases, 
GRHL2 could revert to an oncoprotein by reversing mesenchymal phenotypes, re-activating 
proliferation and facilitating establishment of clinically-significant metastases. Recent work 
suggests that dual functionality of GRHL2 (i.e. growth-promoting but EMT/invasion-
suppressing) could be a generalizable phenomenon in carcinomas (40,45).
The data presented herein demonstrate that the relationship between GRHL2 and the AR 
signaling axis is multifaceted and complex. More specifically, GRHL2 is not only essential 
for the maintenance of AR expression, it also acts as an AR transcriptional co-activator. 
With regards to the latter function, is must be noted that GRHL2 and AR share only a small 
proportion of their respective cistromes. However, these shared binding events occur 
proximal to a set of genes that are relevant in PCa. These critical roles for GRHL2 in the AR 
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signaling axis are particularly relevant in light of our finding that GRHL2 is a direct AR 
target gene. Reciprocal regulation creates a potent positive feed-forward loop between AR 
and GRHL2, which may be amplified further in the CRPC setting where the genes encoding 
both factors are commonly amplified and/or upregulated.
A key function of the AR signaling axis in both the normal and malignant prostate is to 
regulate epithelial differentiation (46,47). The work reported herein provides new insight 
into molecular mechanisms underlying this function: specifically, by directly promoting 
GRHL2 expression, AR indirectly activates a transcriptional program comprising key 
epithelial identity factors such as CDH1 (E-cadherin), TJP1 (ZO-1), ELF3, CLDN4 and 
EPCAM. Interestingly, by interrogating AR chromatin binding events in prostate tumors 
(35), we found evidence that it could directly regulate a subset of these genes in concert with 
GRHL2 (Supplementary Figure 11). Further investigation of the cistromic interplay between 
these two factors, including in the normal prostate, is required to definitively identify their 
shared target genes.
There is an urgent requirement for novel strategies that inhibit growth of CRPC and improve 
patient outcomes; one such strategy that has been proposed is targeting transcriptional co-
regulators rather than AR itself. In this context, our study is significant because it identifies a 
critical new co-regulator that not only enhances AR activity but is also essential for the 
maintenance of AR expression. However, while targeting GRHL2 could disable the AR 
signaling axis at multiple levels, it may concomitantly enhance the metastatic capacity of the 
tumor. As such, if strategies to inhibit GRHL2 were developed, their application in PCa 
would require careful consideration.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GRHL2 is a novel AR-interacting protein
(A) Graphical plots (generated by MS-ARC) showing AR- and ARv567es-associated 
proteins, clustered according to molecular function. The length of the line represents the 
Mascot score. (B) Peptide coverage of GRHL2 from RIME experiments. (C-D) Validation 
of AR:GRHL2 interaction by co-immunoprecipitation. AR protein in R1-AD1 and R1-D567 
cells (left) and LNCaP cells (right) was immunoprecipitated and GRHL2 was detected by 
immunoblotting (C). GRHL2 protein in LNCaP cells was immunoprecipitated and AR was 
detected by immunoblotting (D). For all co-immunoprecipitations, IgG served as a negative 
control.
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Figure 2. GRHL2 is commonly amplified and over-expressed in prostate cancer
(A) Oncoprints representing GRHL2 copy-number alterations from the Grasso and Taylor 
datasets were generated using cBioPortal. mCRPC, metastatic castration-resistant prostate 
cancer (mCRPC); Mets, metastases. (B) GRHL2 gene amplification in the Grasso cohort is 
associated with increased mRNA expression. Boxes show minimum and maximum (bottom 
and top lines, respectively) and mean (line within the boxes) values. P value was determined 
an unpaired t test. (C) GRHL2 expression is elevated in primary prostate cancer. In the 
Taylor graph, lines represent the mean ± standard deviation (SD). P values were determined 
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using unpaired (Taylor) or paired (TCGA) t tests. (D) GRHL2 expression is associated with 
Gleason grade. Lines in the graph represent the mean ± SD. P values were determined using 
unpaired t tests. (E) Representative staining of non-malignant and cancer tissues are shown 
on the left (bar = 100 microns). A graph of staining scores is shown on the right. P value was 
determined using an paired t test. (F) Cellular co-expression of GRHL2 and AR in prostate 
tissues, as demonstrated by dual immunofluorescence. Shown are two representative prostate 
tumors. Nuclei were stained with DAPI. Spearman r values represent the correlation 
between AR and GRHL2 staining (see Materials and Methods). Scale bars are 50 microns.
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Figure 3. Regulation of GRHL2 expression by AR in prostate cancer
(A) GRHL2 protein levels in a panel of prostate cancer cell lines (tubulin is the loading 
control). The graph on the right shows the correlation between tubulin-normalized AR and 
GRHL2 in all cell lines. (B) Cell lines were treated with 1 nM DHT for 4 hours and GRHL2 
levels were assessed by RT-qPCR. Error bars represent ± SD. (C) LNCaP (left) or R1-D567 
(right) cells were transfected with siRNA targeting AR (siAR) or control siRNA (siNC) for 
48 hours. LNCaP cells were additional treated with 1 nM DHT (or ethanol as a control) for 
24 hours. Tubulin or GAPDH are loading controls. (D) GRHL2 mRNA expression in two 
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clinical cohorts. Boxes in the right graph show minimum and maximum (bottom and top 
lines, respectively) and mean (line within the boxes) values. P values were determined using 
a Wilcoxon matched-pairs signed rank test (GSE48403) or unpaired t tests (GSE28680). 
FPKM, fragments per kilobase of exon per million mapped reads; NS, not significant. (E) 
AR binding sites (from ChIP-seq) proximal to the GRHL2 gene in non-malignant and 
prostate tumor samples (35). Each track depicts ChIP-seq AR binding intensity for a given 
sample. (F) Validation of 3 putative AR binding sites (A-C; shown below the ChIP-seq 
tracks in E) by ChIP-qPCR. Error bars represent ± standard error of the mean (SEM).
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Figure 4. Regulation of prostate cancer cell growth and AR expression and signaling by GRHL2
(A) Prostate cancer cell lines were transfected with 3 distinct siRNAs and Trypan blue 
growth assays were performed. Error bars represent ± SD. (B) LNCaP cells were transfected 
with GRHL2 siRNA (siGRHL2) or a control (siNC) and gene expression was measured by 
RT-qPCR after 48 hours. Error bars represent ± SEM of 3 independent experiments. (C) 
Prostate cancer cell lines were transfected with GRHL2 siRNA (siGRHL2) or a control 
(siNC) and, 2 days later, protein expression was assessed by Western blotting. Tubulin or 
GAPDH are shown as loading controls. (D) LNCaP cells were transfected with a GRHL2 
over-expression vector (GRHL2-OE) or a control (Empty) and protein expression was 
assessed by Western blotting after 48 hours. GAPDH is shown as a loading control. (E) AR 
expression is higher in metastatic CRPC (mCRPC) tumors with GRHL2 copy number gain 
or amplification compared to tumors with no change in GRHL2 copy number (diploid). Data 
is from the Grasso cohort and was obtained via cBioPortal. P value was determined using an 
unpaired t test.
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Figure 5. GRHL2 enhances AR's transcriptional activity and associates with AR on chromatin
(A) PC3 cells were transfected with plasmids expressing AR, GRHL2 and a probasin-
derived AR-responsive reporter and subsequently treated with 1 nM DHT or vehicle (Veh) 
control. Transcriptional activity values as assessed by luciferase assays represent the mean 
(±SEM) of 6 biological replicates; results are a representative of three independent 
experiments. An unpaired t test was used to assess the affect of GRHL2 on AR activity. (B) 
Examples of AR-specific, GRHL2-specific and shared binding sites (left). (C) Select motifs 
enriched in AR-specific, GRHL2-specific and shared peaksets. Motifs were identified using 
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a de novo Gibbs motif sampling approach. P values for enrichment over genomic 
background are shown. (D) Genomic location summary of AR-specific, GRHL2-specific 
and shared binding events. (E) Distribution of normalized sequence tag density for 
H3K27ac, H3K4me2, RNAPII, FoxA1, P300 and Med12 in AR-specific, GRHL2-specific 
and shared binding events. (F) A gene signature based on shared GRHL2/AR binding events 
is upregulated in metastatic CRPC (two left panels) and associated with recurrence 
following radical prostatectomy (right panel).
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Figure 6. GRHL2 regulates AR, ERBB and PI3K/Akt signaling pathways
(A) GRHL2 knockdown is associated with decreased expression of an AR-regulated gene 
set (“Hallmark: Androgen reponse”), as demonstrated by GSEA. (B) Correlation between 
GRHL2- and AR-regulated gene signatures in primary prostate cancer (left, TCGA cohort) 
and metastatic CRPC (right, SU2C cohort). (C) GRHL2 knockdown is associated with 
decreased expression of the PI3K/Akt pathway (“Hallmark: PI3K/Akt/MTOR signaling”), as 
demonstrated by GSEA. (D) GRHL2 knockdown results in decreased expression of the 
ERBB2-regulated gene set (“Reactome: Signaling by ERBB2”), as demonstrated by GSEA. 
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(E) GRHL2 knockdown (siGRHL2) leads to reduced expression of ERBB2, ERBB3 and 
EGFR. Values for the negative control (siNC) were set to 1, and error bars are ± SEM. P 
values were determined using one-sample t tests (*, P < 0.05; **, P < 0.01). (F) GRHL2 
binding events in LNCaP cells, identified by ChIP-seq, proximal to ERBB2, ERBB3 and 
EGFR. (G) GRHL2 knockdown results in decreased phosphorylation of Akt (pAkt) and 
ERK (pERK) in LNCaP and 22Rv1 cells, as assessed by Western blotting.
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Figure 7. GRHL2 suppresses EMT and invasion of prostate cancer
(A) The growth of two distinct clones with stable knockdown of GRHL2 (shGRHL2.1 and 
shGRHL2.2) were compared to a control (shNC) in Trypan blue growth assays. Error bars 
represent ± SD. (B) Stable knockdown of GRHL2 decreases epithelial marker (E-cad, ZO-1) 
and increases mesenchymal marker (N-cad, ZEB1, Vim) expression at the protein level in 
LNCaP cells. E-cad, E-cadherin; N-cad, N-cadherin; Vim, Vimentin. (C) Stable knockdown 
of GRHL2 increases migration of LNCaP cells in a scratch-wound assay. (D) Stable 
knockdown of GRHL2 increases invasion of LNCaP cells. Values for the negative control 
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(NC) were set to 1, and error bars are ± SEM. P values were determined using unpaired t 
tests (**, P < 0.01). (E) Stable knockdown of GRHL2 promotes cancer cell invasion in 
CAM invasion assays. Data represents the mean percentage of images with invasion into the 
mesoderm ± SEM. P value was determined using an unpaired two-sided t test (***, P < 
0.001; ****, P < 0.0001). (F) Representative images from the CAM assays. Cancer 
cell:matrigel grafts (CM) were placed on top of the ectoderm (ET) layer and cancer cell 
invasion into the CAM mesoderm (MD) was assessed in day 14 chick embryos. Endoderm, 
EN. Shown are cytokeratin (CK) IHC (left) and haematoxylin and eosin (right) images. 
Scale bars = 100 microns.
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